In a previous article (Yallop and Svendsen 2001) , recombinant CHO and BHK cell lines, expressing the human glucagon receptor and the gastric inhibitory peptide receptor, respectively, showed reduced growth rates and altered nutrient utilisation when grown with increasing concentrations of G418. This response was associated with r an increased expression of the neo protein, while expression of the recombinant membrane receptors remained unaltered. The metabolic response was characterised in both cell lines by an increase in the specific rate of glutamine utilisation and in CHO cells by a decrease in the yield of lactate from glucose, suggesting a change in the flux of glucose through central metabolism. The aim of this study was to further elucidate these metabolic changes by determining the activity and relative expression of key enzymes involved in glucose and glutamine metabolism. For both CHO and BHK cells, there was an increase in the activity of glutaminase, glutamate dehydrogenase and glutamine synthetase, suggesting an increased flux through the glutaminolysis pathway. The activity of glucose-6-phosphate dehydrogenase and pyruvate carboxylase in CHO cells was also increased whilst lactate dehydrogenase activity remained unaltered, suggesting an increased flux to the pentose phosphate pathway and TCA cycle, respectively. The activity of these enzymes in BHK cells was unchanged. Quantitative RT-PCR showed that expression levels of glutaminase and pyruvate carboxylase were the same with and without G418, indicating that the differences in activities were likely due to post-translational modifications.
Introduction
1996; Kidane et al. 1997; Schroder and Friedl 1997; Kim et al. 1998 ). We recently reported that a CHO and Recombinant bacteria often show reduced growth BHK cell line containing the neomycin resistance r rates compared to wild type strains. This is due to an gene (neo ) and expressing the human glucagon reincreased metabolic load, caused by the maintenance ceptor (CHO 679) and the gastric inhibitory peptide of high copy number plasmid DNA and high levels of (BHK 570) , showed signs of a metabolic load when recombinant protein expression (Seo and Bailey G418 was present in the culture medium (Yallop and 1985; Betenbaugh et al. 1989; Bentley et al. 1990 ).
Svendsen 2001). This was characterised by a reducRecombinant mammalian cells also show signs of an tion in the growth rate and an apparent alteration in increased metabolic load, typically characterised by a central metabolism, indicated by an increase in the decreased growth rate and an increased rate of nucell specific rate of glutamine utilisation and a detrient utilisation (Pendse et al. 1992; Gu et al. 1992 crease in the yield of lactate produced from glucose.
In order to further elucidate these changes, a more detailed analysis was initiated. Quantification of central metabolic enzyme activities, using cells grown under different culture conditions, has been used to indicate changes in the flux through metabolic pathways. It has been used to compare glucose and glutamine metabolism in a variety of transformed industrial cell lines (Neerman and Wagner 1996) and to determine the changes in central metabolism as a result of nutrient limitation in hybridoma cells (Vriezen and van Dijken 1998) . A similar approach was adopted for this study. Enzymes at key branch points in the major energy-generating central metabolic pathways involving glutamine and glucose were selected and activity and expression levels determined in the presence and absence of G418. By concentrating on these two major pathways, changes in enzyme activity and / or expression levels could also be related to the cell specific rate of nutrient utilisation and production described in the previous article. Glutamine is a major source of cellular energy, particularly in transformed, immortalised and tumour cells, where it has been implicated in the control of growth, proliferation and apoptosis (Brand 1985; Newsholme et al. 1985; Aledo et al. 1994; Collins et al. 1998; Ko et al. 2001) . It is also important in the biosynthesis of amino acids, purine and pyrimidine nucleotides and glucosamine and nicotinamide adenine dinucleotide (Tate and Meister 1973; Stryer 1981) . Glutaminolysis, the conversion of glutamine via glutamate to a-ketoglutarate, is a major pathway of glutamine metabolism and a more detailed analysis of this pathway may provide insights into the response of the cells to the G418-induced metabolic stress. As an example, glucose limitation in hybridoma cells has been shown to illicit an increased flux of glutamate through the GDH pathway (Martinelle et al. 1998) pathways. Details of these changes can give some
(1) hexokinase, (2) glucose-6-phosphate dehydrogenase, (3) phosphoenolpyruvate carboxykinase, (4) lactate dehydrogenase, (5) information on the response of the cells. For example, pyruvate carboxylase, (6) pyruvate dehydrogenase complex, (7) an increased flux into the TCA cycle via acetyl coA citrate synthetase, (8) glutamate dehydrogenase, (9) alanine aminomay indicate an increased level of oxidative phostransferase, (10) aspartate amiotransferase and (11) glutaminase.
phorylation, while an increased flux via oxaloacetate may indicate an increase in the anapleurotic reactions of the cell, and an increase in the flux to the PP some of the changes taking place in the glucose pathway may indicate a demand for reducing equivametabolism of these cells, the activity of a number of lents in the form of NADPH. In order to elucidate key glycolytic enzymes were assayed. The enzymes selected for this study are amongst those highlighted measured using the Kodak Ektachem II prior to in Figure 1 and were chosen because they represent making up the reaction mix. The assay mixture conkey regulators or branch points in the pathways of sisted of 0.7 ml of 0.25 M sodium acetate (pH 5.0) interest. Alterations in their activity may therefore be containing 0.4 U glutaminase (Sigma) and 0.3 ml of indicative of alterations in flux through these pathculture supernatant and was incubated for 20 min at ways. The expression level of those enzymes that 37 8C to ensure complete conversion of glutamine to showed altered activity in the presence of G418 was glutamate. The glutaminase treated solution was then then measured using real time RT-PCR in order to analysed again for ammonia in the Kodak Ektachem determine if the changes in enzyme activity were due II and the result multiplied by 3.33 to take account of to an increase in expression or if post-transcriptional the dilution A . The glutamine concentration was s d standard (4 mM) and water blank were always included as controls.
Materials and methods

Metabolic parameter calculations Cell lines and culture media
Cell specific rates of substrate utilisation and metaboThe stable recombinant cell lines CHO 679, expresslite production were calculated using the following ing the human glucagon receptor and BHK 570, equations: expressing the human gastric inhibitory peptide (h-
GIP) receptor were cloned after transfection of the wild type CHO-K1 and BHK-570 cells as described in where C is the metabolite concentration (mmoles (100 U ml / 100 mg ml , Biowhittaker) were also 21 ml ), t0 and t1 are the seeding and harvest times, added. Cells were maintained in 125 ml spinner flasks respectively (h) and N is the viable cell concentration v containing 50 ml media. G418 (Invitrogen) was added 21 at t1. A rate constant accounting for the spontaneous to a final concentration of 1 mg ml where approdecomposition of glutamine, as described by Linz et priate and all cells were kept in logarithmic growth by al. (1997) was not included as decomposition was not passage into fresh medium every 1-2 days. Cells significant at the time points at which the rates were were incubated in a humidified incubator at 37 8C and calculated (data not shown). The molar ratio of the 5% CO . Cell numbers were counted using a CASY 2 yield of lactate produced per glucose metabolised and automatic cell counter (Scharfe Systems). To ensure a ammonia produced per glutamine metabolised were single cell suspension prior to counting, 1 ml of cell calculated from the equations below: suspension was incubated with 1 ml of Accumax (Innovative Cell Technologies) at 37 8C for 20 min. an Ektachem II analyser (Kodak). Glutamine was A total of 1-1.5310 cells were harvested and pelmeasured using a modification of a two-step assay leted by centrifugation at 1000 rpm for 5 min. The described by Lund (1974) . Briefly, the ammonia pellet was washed twice in cold phosphate-buffered concentration of the culture supernatant A was saline and resuspended in an appropriate volume of s d reaction was started by the addition of ATP. Pyruvate 1310 cells ml . The extraction buffer used for all carboxylase (E.C. 6.4.1.1) was assayed using a malate enzyme assays, except glutamine synthetase, was as dehydrogenase coupled reaction according to the described by Irani et al. (1999) 1.1.1.27) was assayed according to the method of 20 mmol l imidazole-HCl, pH 7.0, 150 mmol l Vassault (1983) . The assay mixture contained 50 NaCl, 0.02% (v / v) sodium azide, 1.0% (w / v) triton
mmol l potassium phosphate buffer, pH 7.5, 0.15 X-100, 0.2 mmol l EDTA, 100 mg ml PMSF and
mmol l NADH and 5 mmol l sodium pyruvate. 1 mg ml aprotinin. The cells were then lysed by 45
The reaction was started with pyruvate. Glucose-6-strokes in a dounce homogenizer and the debris phosphate dehydrogenase (E.C. 1.1.1.49) was assayed removed by centrifugation at 6000 rpm for 2-3 min.
according to the method of Postma et al. (1989b) . The The resulting cell-free extract was either assayed reaction mix was 1 ml in all cases and all metabolites mmol l acetyl Co A and 0.5 mmol l oxaloacetate. were kept on ice during experiments. Endogenous
The reaction was started by the addition of oxaloaceactivity was recorded for a minimum of 2 min before tate. Glutaminase (E.C. 3.5.1.2) was assayed accordstarting the reaction. Once started, activity was meaing to the method of Kvamme et al. (1985) . The assay 21 sured over at least 3 min and the total enzyme activity mixture contained 100 mmol l potassium phosphate 21 calculated by subtracting the endogenous activity buffer, pH 7.8, 5 mmol l a-ketoglutarate, 0.2 mmol 21 21
from the total activity. Enzyme activities were del EDTA, 0.15 mmol l NADH, 20 U glutamate termined in triplicate at three different concentrations dehydrogenase (Boehringer Mannheim 197734) and 21 of cell-free extract. All enzyme activities were shown 10 mmol l glutamine. The reaction was started by to be linearly proportional to the amount of cell-free the addition of glutamine. The chemical decomposiextract added. Results are presented as nmoles per tion of glutamine was determined in a blank assay min per milligram protein, averaged over at least eight without cell-free extract and used to correct measured determinations. In assays involving NAD/ NADH, enzyme activities for any spontaneous decomposition. measurements were taken at 340 nm and the extinc-NAD-and NADP-dependent glutamate dehydrogen-
tion coefficient E of 6.2310 M cm was ase (E.C. 1.4.1.2 and E.C. 1.4.1.4) was assayed ac- Hexokinase (E.C. 2.7.1.1) was assayed using the NADPH, 1 mmol l ADP and 0.4 mmol l amethod of Postma et al. (1989a into first strand DNA using oligo(dT ) primers. Gene 127221) and 200 mmol l alanine. Both reactions specific primers for pyruvate carboxylase, glutaminwere started by the addition of a-ketoglutarate.
ase and lactate dehydrogenase (Table 1) were deGlutamine synthetase (E.C. 6.3.1.2) was assayed signed from sequence alignments (Vector NTI softaccording to the method of Sanfeliu and ware, Informax Inc.) using information from human, Stephanopoulous (1999), based on the formation of mouse and rat DNA sequences from the public dataglutamyl-hydroxamate from glutamine and hydroxylbases. Oligo 4.05 primer analysis software (National amine in the presence of ADP. The reaction mixture 21 Biosciences Inc.) was used to test selected primers for contained 100 mmol l imidazole-HCl, pH 7.2, 50 Fragments of the genes for pyruvate carboxylase, 10 mmol l sodium arsenate. The reaction was glutaminase and lactate dehydrogenase were PCRstarted by the addition of 100 ml cell-free extract to amplified from CHO cDNA by Taq polymerase using 400 ml of reaction mixture and terminated by the gene specific primers and cloned in TOPO-TA vecaddition of 500 ml of ferric chloride solution (370 without 1 mg ml G418, were harvested and treated Glutamine metabolism with 0.65 mM 5-6-dichloro-1-b-ribofuranosylben-
The data in Table 2 shows that there was an increase in the activity of several enzymes of the pyruvate carboxylase in CHO cells however increased glutaminolysis pathway. Glutaminase activity inby 20% and 33%, respectively, in the presence of creased for both cell-lines in the presence of G418 G418, suggesting an increased flux into the pentose (22% for CHO 679 and 25.4% for BHK 570), sugphosphate pathway and TCA cycle, respectively. gesting an increased flux into the glutaminolysis Finally, lactate dehydrogenase activity remained unpathway. After the conversion of glutamine to glutachanged, suggesting that the shift away from lactate mate by glutaminase, two possible routes exist for production was not due to a drop in LDH activity. For further conversion to a-ketoglutarate and entry into BHK 570 cells, all the tested enzyme activities were the TCA cycle, the glutamate dehydrogenase (GDH) unaltered in the presence of G418, supporting the route and the transaminase (TA) route, involving for initial conclusions from the nutrient utilisation data example aspartate aminotransferase (AspAT) and that there were no major changes in the flux through alanine aminotransferase (AlaAT). For both CHO 679 glucose metabolism in response to G418. and BHK 570, the activity of AspAT and AlaAT remained unchanged in the presence of G418. GDH Expression levels and mRNA stability activity however, increased by 22.5% for CHO and 26% for BHK cells, suggesting an increased flux via
In order to determine if the increase in pyruvate this route. It might be expected that an increase in carboxylase and glutaminase activity was a result of GDH activity with no increase in AspAT or AlaAT increased expression, mRNA levels were measured would result in an increase in Y as this reaction using LightCycler real time RT-PCR. The expression amm / gln yields ammonia. That this was not observed (values of of lactate dehydrogenase, whose activity did not 1.060.1 were calculated for both cell lines grown change in the presence of G418, was tested as a with and without G418) may be due to the increased control. Table 3 shows that there was no significant activity of glutamine synthetase (GS), which indifference in the expression level of any of the encreased in both cell-lines in the presence of G418 zymes tested. Figure 2 shows that there was also no (65% for CHO 679 and 68% for BHK 570). This significant difference in the half-lives of PC and GA increase may be in response to the increased rates of mRNA from cells grown with or without G418. glutamine utilisation and a reduced medium glutamine concentration (Christie and Butler 1999; Sanfeliu and Stephanopoulous 1999) and it may result Discussion in an increased conversion of ammonia to glutamine, maintaining Y values close to 1.0.
Glutamine metabolism amm / gln
Glucose metabolism The first step of the glutaminolysis pathway is the The data in Table 2 shows that for CHO and BHK conversion of glutamine to glutamate, catalysed by cells, hexokinase activity was unaltered in the pres-GA. Glutamate can then serve either as a substrate for ence of G418, suggesting that flux into glycolysis is anabolic pathways, such as amino acid biosynthesis, unaltered and supporting the earlier findings that or can be further metabolised to a-ketoglutarate for G418 did not effect the rate of glucose utilisation. The entry into the TCA cycle. The increased glutaminase activity of glucose-6-phosphate dehydrogenase and activity observed in this study, together with the cant as the GDH pathway yields 27 moles of ATP per mole of glutamine consumed, compared to nine ATP for the transaminase pathway (Glacken 1988; Haggstrom 1991) . The increase in GDH activity may be due to a decrease in cellular ATP levels as the enzyme activity is increased allosterically in the presence of ADP and inhibited in the presence of ATP (Stryer 1981) . Numerous studies have shown that the TA route appears to be the main pathway in continuous cell lines and rapidly proliferating cells. This has been shown both by flux analysis (For example Ardawi and Newsholme 1983; Street et al. 1993; Bonarius et al. 1998 ) and by measuring enzyme activities (Jenkins et al. 1992; Neerman and Wagner 1996; Vriezen and van Dijken 1998) . Within the TA route, AspAT appears to be the major enzyme involved, with AlaAT at a lower level. A similar pattern was also seen in this study, where AspAT showed approximately eight times higher activity than GDH and ten times higher activity than AlaAT. However, the increase in GDH activity in the presence of G418 suggested that the GDH route may be an important pathway for energy production and can be altered under stress conditions. This is supported by Martinelle et al. (1998) , who showed that hybridoma cells cultured in an excess of glucose and glutamine metabolize glutamine mainly via the TA route, while in glucose limited conditions, there was an increase in the flux through GDH (and glutaminase). Glutamine synthetase (GS) catalyses 1 the formation of glutamine from free NH and gluta-4 mate. Its activity is increased under low glutamine conditions and repressed when glutamine is abundant (Kulka and Cohen 1973; Christie and Butler 1999; Sanfeliu and Stephanopoulous 1999) . The increased GS activity in this study may be indicative of flux analysis using 15N and 13C labelled substrates. Changes in enzyme activity have been used to highincreased rate of glutamine utilisation, is a strong light changes in metabolism. Neerman and Wagner indicator of an increased metabolism of glutamine in (1996) used it to compare the metabolism of a number the presence of G418. The increased activity of GDH of different industrial cell lines and Vriezen and van suggested that there was an increased flux to a-ketoDijken (1998) to determine the metabolic response of glutarate and the TCA cycle. This change is signifithe hybridoma SP2 / 0 under different culture con-ditions including glucose limitation. However, enin small intestine epithelial cells, the fate of pyruvate zyme activity data can only be used as an indicator of (derived from glucose or elsewhere) entering the TCA flux by looking at the ratios between the various cycle is altered from that of oxidation to anapleurosis enzyme activities and the relative changes in these in the presence of glutamine. The increased PC activiactivities under specific conditions. However, actual ty is therefore a strong indicator of an increased flux through the pathways cannot be quantified and metabolic load. As mentioned, it may also explain the the direction of flux cannot be established. The direcdecreased Y observed in this and the previous lac / glc tion of flux is a particular problem because some study. The PC route is not the only entry point of enzyme reactions are readily reversible under certain glycolytic metabolites into the TCA cycle and there conditions, for example flux through GDH was remay additional flux of pyruvate away from lactate via versed in ammonia stressed hybridoma cells other pathways. For example, pyruvate can also be (Bonarius et al. 1998) . However, both these issues can converted to acetyl coA via the pyruvate dehydrobe addressed with metabolic flux analysis, using 15N genase complex, phosphoenolpyruvate to oxaloaceand 13C labelled substrates. For example, it would be tate by phosphoenolpyyruvate carboxykinase and interesting to look at the flux through the pyruvate to malate via the malic enzyme. Of these, we glutaminolysis pathway as described by Martinelle et only measured the entry of acetyl CoA into the TCA al. (1998) . The ratio between the GDH and TA by measuring citrate synthetase activity and found pathways under G418 conditions could then be estabthat the activity of this enzyme was unaltered in the lished and used to determine if a greater proportion of presence of G418. This may indicate that there was no the produced glutamate did indeed pass through the significant increase in the overall flux through the GDH pathway as is suggested by the enzyme activity TCA cycle and that the increase in PC activity was data.
therefore most likely to replenish the oxaloacetate pool. Glucose-6-phosphate dehydrogenase is the first Glucose metabolism reaction of the pentose phosphate pathway and is an important enzyme regulating the biosynthesis of nuThe unaltered hexokinase activity and rate of glucose cleic acid precursors and reducing equivalents in the utilisation suggested that there was no significant form of NADPH. It is through the regulation of change in the flux of glucose entering glycolysis for NADPH, a critical modulator of intracellular redox cells grown with or without G418. The increased potential, that G6PDH plays a crucial role in cell activity of pyruvate carboxylase (PC) and glucose-6-growth. Long-term stimulation of the pentose phosphosphate dehydrogenase (G6PDH) in CHO 679 cells phate pathway in general and G6PDH activity in suggested an increased flux into the TCA cycle and particular is known to occur in response to growth pentose phosphate pathway, respectively. Pyruvate factor addition and in parallel with proliferation carboxylase catalyses the carboxylation of pyruvate to (Stanton and Seifter 1988; Stanton et al. 1991; Tian et oxaloacetate and is a major anapleurotic enzyme al. 1994) . A more direct involvement was demoninvolved in the maintenance of the TCA metabolite strated by Tian et al. (1998) who showed that overpool. It is also involved in gluconeogenesis (although expression of G6PDH in 3T3 and COS-7 cells rethis is unlikely to be an important pathway here as sulted in growth stimulation, while inhibition abroglucose was not limiting) and fatty acid synthesis gated growth factor stimulation and increased sen- (Stryer 1981 ). An increase in the activity of PC in sitivity to the inhibitory effects of H O . G6PDH is 2 2 response to G418 may therefore indicate an increased also essential for resistance to oxidative stress (Salflux of pyruvate into the TCA cycle and away from vemini et al. 1999) . The increase in G6PDH activity lactate production, thus offering an explanation for observed in this study in response to G418 suggested the decrease in Y observed in the previous an increased flux into the pentose phosphate pathway.
lac / Glc study. PC is a major aneupleurotic enzyme in the This may represent an increased demand for reducing TCA cycle. The increased activity may therefore be to equivalents, it may be required as a response to counter an imbalance in the TCA metabolite pool, increased oxygen radical production during oxidative perhaps caused by the increased flow of a-ketoglumetabolism (for example H O produced during the 2 2 tarate into the TCA cycle from glutamine metabolism. GDH reaction) and it may indicate an increased Kight and Fleming (1995) for example, showed that demand for nucleic acid precursors in response to increased DNA / RNA synthesis. Conversely, the untheir 59 untranslated region (Jitrapakdee et al. 1996 altered activity of PC and G6PDH in BHK 570 cells 2001) . This heterogeneity is generated by alternative grown with and without G418 supported the nutrient splicing, with different isoforms expressed in differutilisation data and suggested that these cells were not ent tissues. In rats for example, two promoters are able to alter their metabolism in the same way as the responsible for the production of two primary tran-CHO cells. The failure to do this may be a contriscripts that are then alternately spliced into five mabuting factor to the relatively poor behaviour of these ture transcripts with different 59-UTRs (Jitrapakdee et cells in the presence of G418 compared to CHO 679 al. 1997) . Transcripts from the proximal promoter (Yallop and Svendsen 2001) .
were highly transcribed in gluconeogenesis and lipogenesis, whereas transcripts from the distal proMetabolic responses to G418 moter were necessary for anapleurosis . The different transcripts also showed differTaken together, the enzyme activity data suggested ent translational efficiencies, suggesting an additional that growth in the presence of G418 results in signifiregulation mechanism and a possible effect of the 59 cant alterations in the metabolism of the cells with an UTR heterogeneity . If multiincreased flux through key central metabolic pathple transcripts are produced in transformed hamster ways. It clearly supports the nutrient utilisation data cells, one explanation for the increased activity may of the earlier study and suggests that growth in the be an increase in the levels of one transcript (for presence of G418 resulted in an increased metabolic example one involved in anapleurosis), combined load. Moreover, it seems to suggest that the CHO cells with a decrease in another transcript(s) such that there were more flexible in their ability to alter their metabwas no overall change in PC mRNA levels. To olism than the BHK cells and that this greater flexestablish this we plan to quantify the levels specific ibility may have resulted in the relatively better transcripts by designing primers to the 39 and 59 UTR. growth of these cells. However, flux analysis is Another explanation is that there is a change in the needed to quantify and verify these changes and translation efficiency of the produced transcript inadditional pathways such as those involved in amino duced by the culture conditions. A final possibility is acid metabolism need to be studied.
that allosteric regulation by metabolites such as acetyl CoA leads to a short-term increase in activity. In rats, Enzyme regulation and expression analysis two types of glutaminase have been identified, hepatic and kidney type. These are the products of separate As with many metabolic enzymes, pyruvate carboxygenes and several isoforms have been identified for lase is subject to long-term regulation at the level of each type, formed by tissue-specific alternative splictranscription. For example, glucose starvation and ing. This post-transcriptional processing may regulate differentiation in rat and human cells resulted in the expression of GA activity in certain tissues by the increased mRNA levels (Freytag and Utter 1983;  production of transcripts with different activities Zhang et al. 1995; Salto et al. 1996 Salto et al. 1999 . It is also (Labow et al. 2001) . The level of renal GA mRNA is subject to short-term, post-transcriptional regulation, also regulated in response to starvation by a mechafor example activity is increased allosterically by the nism that does not involve transcriptional or translapositive effector acetyl-CoA (Barrit et al. 1966) and tional regulation (Hwang and Curthoys 1991; Hwang by high concentrations of pyruvate (McClure and et al. 1991) . Two isoforms of renal GA are expressed, Lardy 1971) and is inhibited by high levels of ATP.
which contain a pH responsive element in the 39 The fact that the levels of CHO PC mRNA remained untranslated region that regulates GA mRNA levels unaltered in the presence of G418 whilst activity by increasing mRNA stability in response to acidosis increased, suggests that post-transcriptional regula- (Hansen et al. 1996) . The stability is modified in tion may be important and that alteration in mRNA response to acidosis by increased binding of a pHstability is not the mechanism involved. response element binding protein (REBP) to the pHAn additional mechanism may be the formation of response element in the 39 UTR of the GA mRNA multiple transcripts. Multiple PC mRNA transcripts (Laterza et al. 1997; Laterza and Curthoys 2000) . As have been identified in rats, mice and humans, that with PC, the fact that the levels of GA mRNA were have the same coding region but which diverge at unaltered in the presence of G418, whilst activity
